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Abstract 
This study aims at utilizing simulation in reducing cost and time of construction and maintenance processes. For this we selected 
two case studies. The first one deals with the construction process of the college of architecture building in the university of 
Dammam campus where we reorganized the sequence of activities leading to four main scenarios. The second case study deals 
with the maintenance process of the electrical company located in Dammam metropolitan area in which we introduced the 
concept of multi-skilled technicians.   
For both cases we depicted flowcharts containing all activities and decisions associated with all numerical values like time 
distribution to complete a task. In addition these flowcharts were validated by interviewing those involved in the two processes. 
Thereafter we modelled the flowcharts in a simulation package called Extend+BPR®. Likewise we validated the simulation 
models by comparing the results of both models with the actual data. 
Results for both cases demonstrated significant improvement in the utilization of resources and consumed energy, which is  
consistent with the principle of sustainability. It is also apparent that construction and maintenance processes need more careful 
investigation to make them more efficient, which will lead to more sustainable built environment. In conclusion:  Simulation 
method is cost- effective, flexible, as well as accurate in modelling complicated systems .   
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1. Introduction 
One of the main aspects of sustainability is the economical aspect in addition to the social and  environmental 
aspects. The construction sector in Saudi Arabia represents 18% of the total national production and consumes 
13.4% of the total energy [1]. Knowing these facts about the Saudi Construction sector is indeed an opportunity for 
significant improvement by creating a more sustainable built environment. In addit ion, construction and maintenance 
processes contain many non-value adding activit ies that consume t ime and money which may lead to less sustainable 
constructed facilities [2]. 
This study demonstrates the use of simulat ion modeling in relatively large complicated case studies as a tool for 
measuring the economic aspects of sustainability. The first case study is a construction project of the college of 
architecture and planning building located in the University of Dammam campus in Dammam, Saudi Arabia.  The 
architecture building consists of three stories  where each floor nearly occupies an area of 7,000 m2. Rethinking the 
work sequence of this building, one may come up with numerous ways in scheduling its progress.  Such case study 
could be constructed floor by floor or each floor may  be divided into smaller segments so that construction 
progresses from one segment to another. Thus, simulation was used to determine the best work-size that this project  
could start with 
The other case study is a maintenance system for one of the largest companies in the eastern province of Saudi 
Arabia, which is Saudi Consolidated Electric Company (SCECO). Such system consists of two types of maintenance 
processes: (a) preventive and (b) corrective performing all kinds of maintenance activities for more than 15 buildings 
hosting more than 1500 employees [3].  Having said that, one can imagine the huge number o f maintenance work  
orders (WO) that are necessary in keeping SCECO's facilit ies running efficiently. In th is case study priorit izing WO 
and allocating resources remains a very d ifficult  job to do. One way of easing this diff iculty is by introducing the 
concept of mult i-skilled technicians (MST) to SCECO's maintenance system. To measure the effect of this concept, 
simulation was used as well.  
Thus, the main object ive of this study is to investigate the potentiality  of simulat ion  in  solving complicated 
problems that are d ifficult  to solve with trad itional methods. The simulation package used in this study is 
Extend+BPR®. It is an object-oriented package that featured many characteristics of being flexible, easy to use and 
capable of modeling all kinds of processes, which will be discussed in more details in the coming sections. 
2. The Need for Simulation 
Simulation is defined by Pritsker (1995) as the process of designing a mathematical model of a real world system 
and experimenting the model on a computer [4].  Simulat ion uses a computer program to actually mimic causal 
events and the consequent actions in a system [5].  Simulation is a management tool that does not typically generate 
an optimum solution to a problem [6].  In  fact, it  is a  solution evaluator; it d irects one towards the best workable  
solution [5].   
The use of simulation fo r modeling construction/maintenance activities enables the modeler to test numerous 
possible changes to a construction process and hence give a clearer picture to the optimum solution [7].  In fact,  
Martinez and Ioannou (1997) stated that simulation-based methods are almost universally  accepted as the most 
effective because of their modeling versatility and power [8].   
Making use of simulation in construction processes and systems requires profound analysis and evaluation.  Each  
construction process is almost unique because of factors such as weather, resources availability, and site conditions.  
These factors and others can be taken into considerat ion in simulation and measure their impact. Therefore, it is 
important to select a package that takes into account different factors and variables for better experimentation with  
problem in hand. Using Extend+BPR, which is a simulat ion package, the aforementioned factors can easily be 
considered for better mimic of the real process or system. 
In addition to the advantages of Extend+BPR, it is built on a graphical representation that made its models 
correspond to the flowcharts of the real system with high degree of resemblance. The major components of any 
Extend+BPR model are the blocks, the libraries where block  are kept, the parameters associated with each block , the 
connectors on each block , and the connections between blocks.  A block  determines a task or g roup of tasks; it is 
used to depict a part of a model.  Certain blocks may merely  provide data or determine logic o f the simulated 
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system/process.  Other blocks may change/adjust information.  In other words, a block  is a high-level modelling  
element for building simulations without programming [ 9].  The embodied program in each block threats the 
informat ion/data upon receiving it.  After that the block  transfers informat ion/data to the following block  in the 
simulation through connectors, which will be discussed in more detail in the coming sections. 
To construct a simulat ion model for the aforementioned case study, data collection and field surveys were 
conducted to identify model inputs and logic that are necessary for verification, validation, and ana lysis. 
3. The Simulation Models 
From the previous sections it is apparent that there are two simulation models: (1) the construction simulat ion 
model and (2) the maintenance simulat ion model.  Building  sound simulation model requires the following steps, 
which are basically the research methodology (which is adopted from Alsudairi 2007):  
1. Data collection of both construction and maintenance activities (e.g., time and resources required to cast 
concrete for a footing/slab or manpower needed to perform maintenance work order) that describes the 
logic of the model and its inputs.  The sources of the collected data included contract documents, estimated 
quantities conducted by the general contractor, resources and their productivity rates, and a CPM schedule 
for the major phases in constructing the building or performing maintenance work orders .  Other methods 
of collect ing data was done by observing certain activities in the field and in certain occasions an expert  
was asked to give an  estimate (most likely, maximu m and min imum) of time in  completing a task. The 
three time estimates were entered for each activity in the simulation model.  Figure (1) shows two 
examples of certain PM activ ities where Extend+BPR converts such estimates into distributions, which is 
another advantage of it. The same procedure was done for all activities. 
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Fig. 1. (a) Get Equipment activity distribution.  (b) Enter Complaint activity distribution 
Another important p iece of informat ion is the probability of occurrence of the dec isions as both 
construction and maintenance processes contained many decisions that direct work to different  paths.  For 
instance, a work permit, in either preventive or corrective maintenance processes, is required whenever a 
WO is associated with hazardous equipment/material or it is located in a restricted area.  To quantify this 
informat ion, previous records of WOs were reviewed to find out the probability of each decision outcome 
by calculating the percentage of WO that needed work permits. Th is method  of quantifying decisions is the 
one most used by several researchers [10,11]. 
Certain cost data was gathered from the construction cost index manual prepared by Projacs [12]. Other 
cost data was collected from personnel departments of both case studies. 
Figure 2 shows a typical floor plan of the first case study.  It  is a  rectangular floor plan with 110 m in  
length and 64 m in width.  There is an atrium along the building dividing into two independent zones.  
Also, there are two expansion joints across the building divid ing it  into three independent areas in each 
floor (see figure 2).  With the atrium and the two expansion joints, each floor can be divided into six 
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independent sections.  Thus, there are four ways in structuring the work of this building which are (1) by 
levels (which is the actual/as-is case), (2) by zones, (3) by areas, or (4) by sections.  Figure 3 conceptually 
illustrates theses four scenarios. 
The main structure of the building is a two way concrete slab cast in place.  The actual sequence of this 
building was done floor by floor and the construction took 335 working days to complete its skeleton.   
On the other hand the maintenance activities are those required from opening a work order till closing it  
out for both types of corrective and preventive maintenance processes. Each WO in the actual SCECO's 
maintenance system goes through 20 steps and on average takes 15 hours to be completed. 
 
Fig. 2. Showing the typical floor plan of the case study with its atrium and the two expansion jo ints. 
a) By level b) By zone
c) By area d) By section
 
Fig. 3. Showing the four possible scenarios in sequencing the construction process.  
2. Conduct field surveys and interviews in order to collect data necessary for building two types of models: 
static and dynamic models. Static model, on one hand, is a two dimensional representation of the process 
by mapping it using flow chart techniques.  A flow chart will show the logic, the activities and the 
decisions involved in performing maintenance work orders  and the interrelation between the preventive 
and corrective maintenance processes .  Figure 4 shows a detailed PM process map, for CM process readers 
are advised to see the study of Alsudairi [13]. 
Atrium Atrium 
Expansion joint Expansion joint 
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 Fig. 4.  Preventive Maintenance detailed process map [13]. 
3. For both case studies, non-stochastic simulation models were established for the sake of verify ing the logic 
of the construction and maintenance models.  A final model for the whole construction/maintenance 
process was then completed by entering stochastic data like the one presented in figure 1.  The 
construction process model simulates all structural activ ities whether underground or over ground.  
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Underground activities include excavation, foundation and backfilling.  Over ground activities include 
column and slab activities for all floors. The logic of the construction model was set to sequence 
construction activities of the footings, the columns and finally  the slabs. Figures 5 and 6 show s mall 
portions of the two simulat ion models. Notice how the blocks are connected together. In this study there 
were more than one-hundred blocks used for the construction case study and almost the same number of 
blocks for the maintenance model. Every b lock has a dialog window where one can enter certain 
informat ion and parameters. A lmost all blocks in Extend+BPR have input and output connectors, the small 
squares attached to the sides of a block .  Input and output connectors are usually pre-defined and their 
function is known in advance.  Connection lines are used to hook blocks together; they show the flow of 
information from one block  to another through the model [7].   
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Fig. 5. Showing a small portion of Extend+BPR model that simulates excavation activities in the first  case study.  
The maintenance simulation model involved many decisions that direct the work from one sub-process to 
another. Therefore, resource allocation was very crucial in this model, which was done by assigning 
certain attributes to them. That is, there were Electrical Repair Unit, Air Condition  Repair Unit, and 
Facility Maintenance Unit. By  and large, each maintenance WO requires 2 -3 technician from the 
aforementioned units. In the new proposed maintenance simulat ion model a multi skilled technician  can 
perform most of the W Os. About 10% of the WOs may require further investigations that require  more 
than two technicians. 
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Fig. 6. Portion of the maintenance simulation model that mimics the car request activities in the second case study. 
 
4. Model verification ensures that every portion of the model functions in accordance to the logic of the real 
system/process.  Running certain features in Extend+BPR, such as debugging, the author was confident 
that both models are functioning properly.  Verify ing a model means that its logic is error-free.  Moreover, 
there is a need in making sure that the models are mimicking their actual system/process, which is model 
validation. 
5. The main reason behind validation is to affirm the robustness of the simulation system by comparing the 
simulation results (empirical data) to the actual system data collected in  steps 1 and 2 [14].  For instance, a  
Decision block of a car request 
Activity block Connection line 
Activity distribution 
Excavate Activity block 
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project completion  time in the first case study was 330 days based on a six working days per week and an 
eight hour shift per day was obtained from the simulation model.  This result was validated by comparing 
it to the actual completion time of major milestones as shown in table 1. 
Table 1. Comparing completion times of major events in the construction simulation model to actual data.  
Project Milestones Actual Empirical 
Substructure including excavation & backfilling 81 (day) 79 (day) 
Ground floor 83 81 
First floor 86 85 
Second floor 85 85 
Total  335 330 
Likewise, Table (2) shows two sets of data, actual and empirical, fo r the total cycle time to close out one 
work order of either PM or CM and the number of completed work orders per week. The actual data was 
gathered from previous records for both processes whereas empirical data was gathered from simulat ion 
models.  Notice how close the two sets of data which proves that the simulat ion models are valid and ready 
for evaluation. 
Table 2: Comparing the outcomes of the maintenance simulation model with the actual data.  
 Process Cycle T ime (hours) Throughput (WO/week) 
 Actual Empirical Actual Empirical 
PM 16 15 110 115 
CM 22 20 80 76 
6. Model adjustment by looking into different scenarios with different work structuring that reflects the 
physical arrangement of the first case study as mentioned in step 1. There were four scenarios in the 
construction simulat ion model. For the maintenance simulat ion model the concept of multi skilled 
technician was introduced to the model to evaluate its impact on cycle time and cost of each maintenance 
work order, which will be discussed in more detail in the coming section. 
4. Discussion and Models comparisons 
Utilizing simulation revealed potential benefits by all means especially in terms of economic gains in both case 
studies.  Tables 3 and 4 summarize the results for each case study. For the construction projects the only change 
introduced to the initial simulat ion model was the size of work that ranged from level to section as mentioned 
earlier. To  be specific, there is significant improvement in  cycle time, which is reduced to  around 17%, and better 
utilizat ion with almost 30% improvement in crew utilizat ion and 15% saving in terms of cost.  When work 
structuring goes by ‘area’, there are sufficient workab le activit ies at different locations of during the construction 
of the building.  That is  to say, one construction crew could be stripping formwork of footings in one location 
while another crew is placing concrete for a slab in another location.  This resulted in better synchronization and 
alignment to the construction activities where construction workers are mainly kept productive. 
Table 3: Comparing results of all scenarios in the construction project case study.  
Scenario Cycle T ime Total Cost Productivity Utilization 
Level (as-is) 330 (days) $296075 0.76 (M2/hour) 61 % 
Zone 277 $252852 0.97 71 
Area 275 $250709 0.99 72 
Section 318 $290850 0.82 62 
 
However, the positive effect of decreasing the size of work to cycle time is not continuously true; i.e., smaller 
work size does not necessarily lead to less cycle time.  The least work size (section) has insignificant reduction to 
cycle time in  contrary to moderate work size (area) that noticeably reduced cycle time.  This is because in concrete 
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construction projects waiting  time is unavoidable.  The waiting t ime in  the construction case study reached two to  
three weeks that caused several stops and hence weak production. 
Another advantage of simulat ion is that there could be multiple good solutions with different consequences as 
shown in table 3, which is also consistent with the findings of Al-Sudairi et al. (2000) [15].  The cost measure in  
table 3 was only calculated from the direct labor expenses in constructing the building.  Other issues such as the 
availability of materials  and equipment, site conditions, and learning curves are not considered in this study.  
Taking these aspects into account would certainly lead to multip le scenarios with different outcomes.  For  
instance, taking into account the formwork concrete activities would  add another dimension to the decision 
making process.  That is  to say, the least work size of concrete activities would require fewer formworks with  
multip le usages that may necessitate providing additional formwork.  However, the largest work size of concrete 
activities would need more formwork with few usages that might not necessitate any additional formwo rk.  Having  
said that, it is hard to  evaluate a prob lem with this nature using conventional methods; certainly, simulat ion is one 
of the ideal tools in exploring and evaluating complicated problems/situations. 
For the second case study the same benefits can be observed. Table (4) compares results of both the “as -is” and 
the “to-be” maintenance models in  terms of cycle time, labor cost, and crew utilizat ion. One may  notice the 
remarkable improvement gained by implementing the concept of MST.  Regarding the PM process, there is a 68%  
reduction in cycle time and 56% reduction in cost to close out one maintenance work order.  In terms of crew  
utilizat ion the PM process improved by 45% and 27%, respectively.  Results with respect to the CM process are 
encouraging as well, but, they are less than those in the PM process.  The d ifference in improvement is due to the 
fact that the maintenance policy in SCECO gave priority to PM work orders  [16].  
Table 4: Comparing results of both the “as-is” and the “to-be” maintenance models. 
Process Cycle T ime (hours) Labor Cost ($/WO) Utilization 
 as-is to-be as-is to-be as-is to-be 
PM 15 4.8 295 129 42 87 
CM 22 9.5 420 201 42 87 
 
These enhancements in SCECO's maintenance system are due to the high response to work orders where their 
wait ing time in the maintenance process  is reduced significantly (Figure 7). The ro le of the maintenance 
superintendent and the tasks and decisions carried out by him are noticeably  reduced in  the “to-be” model. More 
importantly, the availab ility of SCECO's build ings and facilit ies is increased in  the new proposed maintenance 
system which is in consistent with sustainability principles. 
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Fig. 7:.(a) “as-is”  PM cycle time distribution for one WO (b) “ to-be”  PM cycle time distribution  for one WO. 
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Figure 7 tells us that the concept of MST not only reduced cycle time but also reduced process variability, which  
is a source of waste in t ime and money. Thus , the maintenance management can with high degree of accuracy 
predict their future plans and actions.  
It is apparent from the findings presented in this paper that simulat ion is indeed a powerful and flexib le tool.  It  
is powerfu l because it does not only enable the modeler to consider many factors but also measure the impact of 
each factor to the simulated system.  Having said that, management can evaluate the most sustainable changes to 
their system before they get into the cost of implementation.  
In addition, simulation is flexible tool because it can accommodate mult iple scenarios in one model.  The 
construction simulation model of this study was set so that it can mimic the four scenarios with little  changes. 
Likewise, the maintenance simulation model was set to only evaluate the effect of the concept of MST. Moreover, 
questions like: what things management may or should give up in their existing system; what are the outcomes of 
implementing new changes; what is the optimum scenario/change; and so forth can be answered and managed 
easily.  These features are very difficult to obtain when using other tools. 
It is absolutely not true that using simulation in evaluating a system/process  takes time, effort and very difficult  
to verify and validate.  In fact, the current simulat ion packages are object-oriented and generally built on graphical 
format that do not need highly-skilled computer programming  background.  Equally it is very easy to construct, and 
flexible for changes if necessary. 
 
5. Conclusions 
This study advocates the use of simulation modeling as an essential tool for analyzing and evaluating the benefits 
of sustainability to construction and maintenance processes.  The economical d imension of sustainability was 
carefully analyzed in both case studies. Using simulation made it easier to evaluate different alternatives and 
compare their impact to cycle t ime, cost and utilization of resources. In other words, both simulation models 
presented in this study led to significant improvements without introducing complicated technologies or making 
large changes to such processes. In fact, in the construction simulation model the only change was rescheduling the 
sequence of activities. This proves that there is a great margin for improvement where further studies are needed in 
this regard. 
One great benefit to be learned from simulation is that there can be more than one good solution with different 
ramifications.  In fact, the best solution may be hindered by tradit ional p ractices such as bad process design.  Not 
only that some changes may cost a lot or may  lead to  certain  anomalies. These negative c onsequences can be 
addressed in simulation model in advance before getting into costly implementation. 
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